AbslracL 'Ihe properties of a new scintillation detector system far use in dosimetry of high-energy beams in radiotherapy have k e n measured. ?he most important properties of t h e e detectors are their high spatial resolution and their nearly water-equivalence.
Introduction
A water-equivalent plastic scintillation detector system has been used for dosimetry measurements of high-energy beams and electron beams. The physical characteristics and additional theoretical considerations of these dosimeters have been discussed previously (Beddar er a1 1992a) . This paper will present dosimetric properties of the scintillation detector in comparison with commonly used detectors.
Since the scintillation detector system has been discussed in detail elsewhere (Beddar er a1 1992a) , only a brief description will follow. The detector consists of a plastic scintillator embedded in a small polystyrene probe and optically coupled to an optical fibre light guide. A second identical parallel fibre light guide which is not coupled to the scintillator is used for subtraction of background and stem effect (Beddar er a1 1989) as will be discussed below. The two fibre light guides are coupled to identical photomultiplier tubes (PMTS) .
Results are presented for two different-sized scintillators. The first is 2.5 mm diameter by 4.0 mm in length ('medium-sized') and was used without the second background fibre light guide. Therefore, this detector was only used for photon beams as discussed below. The other is 1.0 mm diameter by 4.0 mm in length ('small-sized') and was used for both photon and electron beams. 
General properties

Srem efecl
The sources of the background signal in this system arise from the inherent dark current of the PMT and from mostly Cerenkov light generated in the fibres. The dark current produced by the PMT is approximately three orders of magnitude smaller than the scintillator output signal, under good optical coupling conditions and for typical radiotherapy beams. This was the case for both prototype detectors. The second source of hackground, which acts as a stem effect and is due primarily to Cerenkov light emission, must be considered carefully when deciding whether it can be neglected. For relative depth-dose and beam profile measurements for photon beams, the Cerenkov background is negligible for several reasons. With good optical coupling, the Cerenkov contribution is always small when compared to the light output produced by the scintillator, usually less than 3% of the output signal of the detector. In this case, the Cerenkov contribution to the total output signal of the detector (for a field size of 10 x 10 cmz and for a 10 MV x-ray beam) was equal to 1.9% and 2.670 for the medium-sized and the small-sized detectors, respectively. In addition, as shown in figure 1, the Cerenkov light output induced in the fibres varies smoothly with depth and follows the general shape of the depth4ose curves given by an ionization chamber. A maximum deviation of about 10% in rhe shape of the depthaose curves is obtained between the normalized responses of the fibres and the ionhiion chamber sparring [ram 2 d q~h in w~i e r q u a i 20 clll a!w b r~y s p~aciicaiiv constant thereafter. Overall, a maximum error of 0.3% is made in the relative depthdose curve by neglecting this 'stem effect' in a photon beam. This is valid only for photon beams and only when the stem of the scintillation detector is perpendicular to the central axis of the radiation beam because the angular distribution of electrons set in motion by the photon beam is nearly depth independent beyond d, , , . This error will increase with increasing radiation field sizes, reaching a value of as much as 1% for a 40 x 40 cmz field size.
This will not be the case when dealing with electron beams. Since Cerenkov radiation is produced when a charged particle passes through a medium of refractive index n with a velocity greater than that of light in the medium, the amount of Cerenkov radiation produced by an electron beam will be significantly larger than that produced by a photon beam. For example, for 6 and 12 MeV electron beams, the maximum CKrcnkov cnntrihution cnmpared to the light output produced by the small-sized scintillator is of the order of 12% and occurs when exposed at d, , , in a 10 x 10 cm2 fieid size as is shown helow. Previous work (Beddar er al 1992b) has characterized this effect for electron beams and has shown that the use of a parallelfibre-bundle light pipe, identical to t h e one that carries light from the scintillator, offers a suitable means of generating a similar background Cerenkov light signal that can be subtracted to obtain the output from the scintillation dosimeter alone.
Therefore, for photons, the measurements presented below reflect the detector response with no dark current or Cerenkov stem effect correction since this correction would have minimal effect. However, for the electron beams, all data have been corrected for the stem effect and dark current.
Reproducibilily and stability
The small-sized scintillation detector was tested for reproducibility in a 10 x 10 all2 CO-60 gamma ray beam in a water phantom at a source-to-surface distance (SSD) Of The reproducibility of the detector when exposed to electrons was tested using a Varian Clinac 2100C at 6 and 18 MeV The measurements were performed in a water phantom at a depth of 1.5 cm with an SSD of 100 cm and a field size of 10 x 10 an2.
Single measurements consisted of the integrated charge obtained from an irradiation of 200 monitor units (MU). Since the scintillation response of the detector for electron beams is obtained by subtracting the output signal of the 'background' fibre guide from the output signal of the 'signal' fibre guide, both outputs were separately tested for reproducibility. This is shown for the 6 MeV beam in figure 3. Percentage standard deviations equal to 0.08% and 0.06% were obtained for the signal channel output and the background channel output, respectively. For the 18 MeV beam, a percentage standard deviation of 0.09% was obtained for both outputs. Therefore, when added in quadrature, a net percentage standard deviation of the scintillator reading equal to 0.1% and 0.13% would be obtained for the 6 MeV and the 18 MeV beams, respectively. Daily readings over the course of 15 days were performed using the cobalt-60 unit to test the reproducibility of set-up and stability of the small-sized scintillation detector system including the high-voltage Supply and electrometers that were used in the processing of the detector response. A percentage standard deviation equal to 0.3% was obtained.
Linearify
The same detector was used in the 6 MV x-ray beam to check the linearity of its output signal from the electrometer. Measurements were performed in water at d, , , for a field size of 10 x 10 cmz at 100 cm SSD at two different dose-rates, namely 240 and 400 cGy min-I. The integrated detector output signal was found to be linear with dose from 40 cGy to 400 cGy as shown in figure 4. The slopes were equal to 3.48 nC cGy-' at both dose-rates. No dose-rate effect is seen, and shows again that the scintillator output is free of any fatigue effect for the relatively short exposure times and accumulated doses used above. The output signal linearity of the detector at the electrometer was checked using a 12 MeV electron beam from the Varian Clinac 21ooC. The measurements were performed in water at d, , , for 100 cm SSD and a field size of 10 x 10 cmz with a dose-rate at the detector of 400 cGy min-I. The response of the 'signal' fibre guide channel and the 'background' fibre guide channel, respectively, as a function of absorbed dose is shown in figure 5 . The output signal of both channels was found to be linear with dose within the dose range indicated. The slopes were equal to 1.223 nC cGy-' and 0.132 nC cGy-' for the 'signal' fibre guide and the 'background' fibre guide, respectively. Notice that, as expected, the dark current of the photomultiplier tube (PMT), which was not subtracted from the output signal of the 'background' channel, does not show up in the ordinate of the curve shown in figure 5 . This is due to the fact that the Cerenkov light output is about two orders of magnitude higher than the dark current. The linearity of the net response of the scintillator as a function of dose in the Same range (40 cGy-800 cGy) is also shown in figure 5 . The slope was found to be equal to 1.091 nC cGy-I.
Dose-rate proportionalitj
The dose-rate proportionality of the detector was tested further using the Varian Clinac 2100C at dose-rate settings of 80, 160, 240, 320 and 400 M U min-'. The monitor chamber is calibrated for all dose-rate settings for both photon energies (6 MV and 10 MV) according to the AAPM a s k Group 21 protocol (AAPM 1983) using a Farmer ionization chamber. The respoilse ot the detectoi dctermmcd b y mtcgiating charge corresponding to an irradiation of 200 cGy is shown in figure 6 . This response was normalized at 240 cGy min-' and is equal to unity within f0. 05% showing that the detector response k independent of dose-rate in the range investigated. The dose-rate proportionality for electron beams was tested using the Varian Clinac 2100C at the same dose-rate settings. The same calibration procedure was followed as above. The response of the scintillation detector consisted of the integrated charge corresponding to a 1 minute irradiation time for the different dose-rates. The output response of both channels ('signal' fibre guide and 'background' fibre guide) and the scintillator as a function of dose-rate (cGy min-I) are shown in figure 7 ( a ) and (b) 
Spaiial resolution
The medium-sized scintillator detector was used in the measurement of a half-blocked 6oCo beam profile and was compared to those obtained by a 0.6 cm3 Farmer chamber (Victoreen, Model #30-352) and a 0.1 cm3 P"W chamber (Victoreen, Model
#30-350-1).
Both ionization chambers and the scintillator detector were oriented perpendicularly with respect to the radiation beam so that their longitudinal axes were orthogonal to the beam central axis and to the scanning direction. The measurements were performed in water for a 1 0 x 10 cm2 field size at 80 cm SSD. The results are shown in figure 8 . In addition, a dose-calibrated film was used to see how its resolution compares to the plastic scintillator. Although it is known that film has an undesirable energy dependence in high gradient regions, it is still commonly used in mapping beam profiles. The spatial resolution of film is limited by the aperture of the densitometer used to read its optical density. The scintillation detector exhibits the highest resolution when compared to both ionization chambers as shown in figure 8 . This was expected since the scintillation detector has a smaller detecting volume than the 0.6 cm3 and t h e 0.1 cm3 ionization chambers. The small-sized scintillator detector (1.0 mm in diameter and 4.0 mm in length for a volume of 0.003 an3) was used in the measurement of transverse dose profiles of a 6 MV x-ray beam in water a t 5.0 em depth for a 10 x 10, 6 x 5 and 3 x 3 cm2 field size at I00 cm SSD. These profiles are shown in figure 9 and are compared to those obtained using a 0.1 cm3 PTW ionization chamber and a Scanditroniw ptype silicon diode. (While the dimensions of the diode are not well defined by the manufacturer, its sensitive volume is specified to be about 0.2 to 0.3 mm3, with an 'effective detection area' equal to 2.5 mm in diameter and a 0.45 mm thick p s i silicon substrate.) The scintillation detector had a higher spatial resolution when compared to the 0.1 an3 ionization chamber. However, the resolution obtained with the diode and the plastic scintillator were found to be comparable. Other measurements performed with the same detectors as above using electron energy beams (6, 12 and 18 MeV) are presented elsewhere (Beddar 1990 ). These measurements also showed no significant differences between the diode and the scintillation detector for a 10 x 10 c m ' field size.
Depth-dnse distributions in water
For x-ray beams, depth4ose measurements in water were performed using the Transverse Distance (mm) Figure 9 . Transvene dose profiles of a 6 MV x-ray beam for a 10 x 10. 5 x 5 , and 3 x 3 cm2 field sizes using the Yinlillalion dclcclor, an ionimlion cliamber and a photon diode.
medium-and small-sized scintillators. For electron beams, only the small-sized scintillator detector was used. All percentage depthdose curves were normalized at dn,,,.
Pholon beanis
The medium-sized scintillator was used in the measurement of depth4ose profile for a soCO beam. The radiation field size was equal to 10 x 1 0 an2 for an SSD of 80 cm.
The output signal of the detector consisted of the integrated charge corresponding to a 100 MU irradiation. The normalized response of the scintillation detector versus depth in water is shown in figure lO(a) . The standard deviation of the measurements at each depth was within the symbol size and were all less than 0.2%. This response is seen to overlap the depth4ose curve obtained with a Farmer ionization chamber (Victoreen, . Similar measurements were performed using an AECL Therac 20 which provides 6 MV and 18 MV photon beams. The radiation field size was 10 x 10 cm2 at an SSD of 100 cm. The normalized response of the scintillation detector closely follows the percentage depth4ose obtained when using a Wrmer ionization chamber. This is shown in figure 1O(b) for the 18 MV photon x-ray beam.
Similar measurements, using the small-sized scintillation detector, were performed on a Varian Clinac 4 providing a 4 MV photon beam and a Varian Clinac 2100C providing 6 MV and 10 MV photon beams. These measurcments were performed in a water phantom for a 10 x 10 an2 field size at an SSD of 80 cm for the 4 MV beam and 100 cm for the 6 MV and 10 MV beams. Excellent agreement was found between the depthaose measurements obtained with the ionization chamber to those obtained with the small-sized scintillation detector. The results obtained for the 10 MV x-ray beam are shown in figure lO(c) .
Electron bennu
Depthdose measurements in water using the small-sized scintillator detector were performed on a Varian Clinac 2100C providing a 6, 12 and 18 MeV electron beam. These measurements were compared to the depthdose curves obtained using the Farmer ionization chamber and a Scanditronk p-type Si diode. When acquiring data for the electron beam dcpthdose curves, the scintillation detector signal was corrected for stem-effect background as discussed above. No corrections were applied to the diode. The ionization measured using the ionization chamber was converted to dose following the Bsk Group 21 protocol (AAPM 1983). This conversion was done in a three step process: (i) the measurement depths were corrected for the chambershift correction, (ii) then the absolute reading (ionization) of the ionization chamber was corrected for the water/air stopping power ratio at all depths, (iii) finally, the electron h e n c e correction was applied at all depths for the corresponding nominal electron energy of the electron beam being evaluated (6, 12, and 18 MeV beam).
The d e p t h d o s e C U N~S for the three different electron energies using the scintillation detector and compared to the Farmer ionization chamber and the diode are shown in figure 11 . T h e d e p t h d o s e curves obtained with the scintillation detector arc found to be in excellent agreement with those obtained with the ionization chamber for the three different energies at all depths. The measurements performed with the diode showed some disagreement with the other detectors in the build-up region, especially at lower energies and in the tail region at 6 MeV: This behaviour is not unexpected. This work has shown that these new scintillation detectors have excellent reproducihility and stability. In addition, they are linear with dose and are dose-rate independent. They have excellent spatial resolution and when stem-effect background subtraction is performed have shown themselves to he ideal devices for characterizing either a photon or electron beam.
Zusammenfassu ng
Msser-iquivalenle Plaslikrzinlillalionsdetektoren fur die Dosimeirie hochenergelischer Strahlen: ' E l 11. 
